The Trivers-Willard hypothesis (TWH) predicts that in a polygynous mating system, when fitness of male offspring is more variable than fitness of female offspring, mothers should invest more heavily in the sex with the highest marginal fitness returns. Females in good condition or high social rank should benefit by investing in sons, and females in poor condition or low social rank should benefit by investing in daughters. Many empirical studies have tested different aspects of the TWH, but no study has tested the assumptions and predictions in a single polygynous species using measures of maternal condition and maternal social rank, while accounting for random effects that can also influence offspring growth and survival. Here, we followed individuals in an isolated population of pronghorn on the National Bison Range, Montana, over multiple generations and tested the assumptions and predictions of the TWH. Pronghorn females who were in good condition or were socially dominant weaned larger fawns that were in better condition, but this advantage did not increase male fawn survival or reproductive success. We detected a slight bias in birth sex ratios according to maternal social rank, but overall we did not detect any adaptive benefit to mothers adopting a sex-biased investment strategy.
Sexually reproducing organisms vary in the ratio of males and females they produce. Theory predicts that the sexes should be produced in an even ratio as a result of frequency-dependent selection (Fisher 1930) . For many sexually reproducing organisms, this is the case. However, uneven birth sex ratios are also common in nature (e.g., Dittus 1998; Cameron et al. 1999; Cote and Festa-Bianchet 2001; Hellgren and Ruthven 2007; Delmore et al. 2008; Proffitt et al. 2008) . Despite decades of research on sex ratio evolution, explaining uneven birth sex ratios in all sexually reproducing organisms remains an unresolved evolutionary problem. We have a good understanding of sex ratio evolution in some groups of organisms where the adjustment mechanism is well understood and coincides with local conditions (e.g., hymenoptera -Werren 1983; West et al. 2005 , but despite intense research, not in other groups of organisms [e.g., mammals- Kruger et al. 2005] ). When uneven birth sex ratios occur, it is assumed that the over-production of a particular sex results from natural selection, whether this occurs at the population or individual level. This is because natural selection is assumed to favor individuals who modify their investment in male and female offspring in such a way that maximizes parental fitness (Trivers 1972; Charnov 1982) , and adjusting birth sex ratios is 1 way for parents to increase investment in a particular sex (Trivers and Willard 1973) .
One classical and perpetually popular explanation for adaptive sex ratio evolution is the Trivers-Willard hypothesis (TWH-Trivers and Willard 1973) . This hypothesis is specific to polygynous mating systems, where male reproductive success is highly variable, and uses mammals as model species. According to the TWH, natural selection should favor maternal ability to alter the sex ratio based on maternal condition. The general premise of the hypothesis is that a female in good condition should invest in sons and a that female in poor condition should invest in daughters, because, under the assumption of polygyny, competitive sons reproduce at higher rates than highly competitive daughters. The TWH makes 3 assumptions: (1) maternal condition at conception should predict offspring condition at the end of the period of maternal investment, (2) differences in offspring condition at the end of maternal investment should persist until the age of reproduction, and (3) adult males with a slight advantage in condition should attain higher reproductive success. If these assumptions are upheld, the TWH predicts that natural selection should support maternal ability to adjust the birth sex ratio according to maternal ability to invest, and mothers should increase parental expenditure in sons when in good condition. Then, females adopting this strategy would leave more surviving grandchildren in future generations (see Table 1 ).
The TWH provides an adaptive explanation for observations of uneven birth sex ratios occurring in polygynous species. This hypothesis has been tested on a variety of species, including many mammals, but support for the TWH is highly variable both within and across species (Cameron 2004) . Some authors argue that vertebrate sex ratios do not fit theoretical models of sex ratio evolution (Cockburn 2002; Uller 2006) , or that reports of uneven sex ratios are merely the result of sampling error (Palmer 2000) , while others admit that, at the very least, fitting vertebrate sex ratios to theoretical models presents a major challenge (West and Sheldon 2002) . Others argue that a general model with over-simplifying assumptions regarding vertebrate life history traits, such as the TWH, might therefore be insufficient to explain the pattern of uneven sex ratios (Uller 2006) . Conversely, theoretical models of sex ratio evolution can be useful under specific local conditions with models such as Local Resource Competition (LRC-individuals of a particular sex are philopatric and compete to access local resources) and Local Resource Enhancement (LRE-occurs in cooperatively breeding species where one sex is a more effective helper- West et al. 2005; Silk and Brown 2008) . One shortcoming of the LRC and LRE is that these models do not explain sex ratio variation when it occurs between individuals within the same set of local conditions. Thus, the TWH remains a dominant model explaining facultative sex ratio adjustment even in the face of controversy. A major problem with studies empirically testing the TWH that may account for some of the controversy is the lack of attention to the model assumptions. The assumptions of the TWH are rarely tested within a polygynous species (Hewison and Gaillard 1999; Brown 2001) , and when the assumptions are tested the model is not always upheld (e.g., Robert et al. 2010) . To determine if the TWH is an adaptive explanation for maternal allocation strategies, a test must investigate the assumptions and predictions, showing that females in good condition who invest in sons receive a fitness benefit.
The TWH was originally formulated with maternal condition being the key variable explaining selection on birth sex ratio adjustment. However, many studies testing the TWH use maternal social rank instead of maternal condition (Cameron 2004) . Social rank is assumed to be correlated with condition to the extent that it is a reliable indicator of a mother's ability to invest in offspring (Sheldon and West 2004) , but results from studies testing the TWH using maternal social rank are just as inconsistent as studies using maternal condition (e.g., Brown and Silk 2002) . Cameron (2004) argues that the best tests of the TWH use measurements of maternal condition near the time of conception and not measurements of social dominance. However, the most complete evidence supporting the TWH as an adaptive model (using measurements of offspring fitness) uses maternal social rank and not condition to explain the pattern of sex ratio bias in red deer (Cervus elaphus-CluttonBrock et al. 1984) . To date, no test of the TWH of which we are aware has used both maternal condition and maternal social rank to test the hypothesis within 1 species and 1 population.
In our study, we used pronghorn (Antilocapra americana) as a model species to complete a comprehensive test of the TWH. Ungulates were the traditional TWH model species because many species have polygynous mating systems, sexual dimorphism, and male competition for access to females (Sheldon and West 2004) . Pronghorn (A. americana) have a polygynous mating system without male parental care (Byers and Waits 2006) , and like other ungulates (e.g., red deer- Clutton-Brock et al. 1984 ) have a reported dominance-related bias in birth sex ratios (Byers 1997) . Our general approach used measures of maternal condition and maternal social rank in separate analyses to test the TWH assumptions and predictions. We tested assumption 1 by measuring offspring condition at the end of maternal investment and included other variables known to influence fawn growth, such as maternal experience (Byers 1997) , inbreeding effects (Dunn et al. 2011) , and sire effects (Byers and Waits 2006) . We did not test assumption 2 because we were unable to capture and measure adult males. We tested assumption 3 by measuring male lifetime reproductive success (LRS). Last we tested the TWH predictions that females should differentially invest in sons and daughters. We determined if females biased birth sex ratios according to their condition or dominance status, and if condition or dominance status predicted maternal ability to invest in offspring by measuring offspring survival to weaning.
Materials and Methods
Study site and population.-We studied pronghorn on the National Bison Range (NBR) in western Montana, a 7,504-ha fence-enclosed National Wildlife Refuge administered by the U.S. Fish and Wildlife Service. Pronghorn moved within the range without restriction, spending most of their time in open grassland. The population was not managed with the exception of occasional coyote (Canis latrans) control to decrease predation on pronghorn fawns. A notable stochastic event occurred following a drought in 2003. The population experienced a demographic bottleneck due to high overwinter mortality and high levels of reproductive failure in 2004 (Dunn and Byers 2008) but has since recovered with minor effects of inbreeding depression (Dunn et al. 2011) . Since the NBR population is closed with no immigration or emigration, we were able to identify individuals using colored ear tags and facial markings and followed individuals over their lifetimes. Following individuals over generations allowed us to make the necessary measurements to complete a test of the TWH. Our research protocols met the guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) and were approved by the University of Idaho Institutional Animal Care and Use Committee.
Fawn captures, fawn condition, and sex ratio.-Each spring pronghorn mothers gave birth to dizygotic twins. From 2000 to 2011, we captured and marked pronghorn fawns on the NBR (fawn handling using our protocols did not affect fawn mortality rate on the NBR-Byers 1997). We recorded the identity of the mother, sexed, aged, weighed, measured the length of the right hind foot, and tagged each fawn. Fawn age (in days) was either known by observing the mother give birth or estimated from the stage of desiccation of the umbilicus (median age at capture was 1 day). We calculated birth sex ratio for individual mothers each year as 0%, 50%, or 100% male offspring. We did not include mothers when we only caught 1 fawn out of 2. In late August in 2009-2011, we immobilized fawns at the age of weaning (~12 weeks) to re-weigh and re-measure right hind foot lengths.
We used the measurements from fawn captures to determine fawn growth rates and fawn condition. From data collected during the 1st fawn capture, we calculated prenatal growth rates, birth masses, and mass-size residuals. Birth mass was calculated as (primary capture mass − [age in days × 0.2446]-Byers 1997). We calculated prenatal growth rate by dividing birth mass by the interval in days between the dam's estrus date and the fawn's birth date. Sexually mature female estrus dates were recorded from behavioral observations of courtship and mating during the fall rut. To calculate mass-size residuals, we log-transformed mass and foot length measurements and used residuals from the foot length-body mass linear regression (Schulte-Hostedde et al. 2005) . We calculated fawn postnatal skeletal and mass growth rates by subtracting fawn mass or foot length at recapture from mass or foot length at primary capture and then divided that value by the capture-recapture interval in days. We also calculated mass-size residuals for fawns at the age of weaning from the recapture right hind foot length and mass measurements.
Adult female condition scoring.-We used visual assessment to assign condition values to individual adult females. We monitored females weekly from July to September in [2008] [2009] [2010] and recorded the date that each female completed molting into her summer coat. Once molt was complete, females appeared sleek, and fat (or lack of) on the rump and abdomen became visible. We assigned a body condition score (BCS) of poor, fair, or good based on assessing 5 different points on the rump and abdomen (Riney 1960; Clancey et al. 2012) . We observed every female in the population and recorded a BCS for each female in the week before the rut in September to get an estimate of female condition around the time of conception.
Adult female social hierarchy.-Female pronghorn established social rank as yearlings and maintained that rank throughout their adult lives (Byers 1997) . A female participated in 3 different types of dominance interactions: a simple interaction-when females were standing and not feeding, a feeding interaction, and a bedding displacement (Byers 1997) . We observed and recorded female dominance interactions within a focal group by all-occurrence sampling (Altmann 1974) each day during the summer months from 2007 to 2010 to establish the dominance hierarchy. We determined female dominance status by calculating the percentage of interactions a female won from the total number of interactions in which she was involved. To validate ranking females by percent-wins, we also ranked females in a linear hierarchy using the MatMan software package (de Vries et al. 1993; Noldus Information Techology 2003) and tested the significance of the hierarchy with the improved linearity test using the h' index (the right-tailed probability from the improved linearity index gives the probability that the degree of linearity in the original dominance matrix, as expressed by the value of h', results from a random processde Vries et al. 1993; de Vries 1995) .
Male LRS and genotyping.-We estimated male LRS for all males who survived to weaning from 2002 to 2007 by the total number of offspring sired from ages 3 to 5 (male pronghorn are fully mature at age 3-Byers 1997). We genotyped all individuals at 19 microsatellite loci and assigned sires (dam known from fawn captures) at the 95% confidence level using the program CERVUS (Marshall et al. 1998; Kalinowski et al. 2007 ; for detailed methods see Dunn et al. 2011) . We calculated inbreeding coefficients (f-Wright 1922) for each individual in the population using the pedigree constructed by Dunn et al. (2011) Statistical analysis.-To test assumption 1, we ran separate analyses for maternal condition and maternal social rank; we used fawn data from 2009 to 2011 for analyses with maternal condition and fawn data from 2007 to 2011 for analyses with maternal social rank. In Stata 10.1 (StataCorp 2007), we fitted generalized linear models (GLM) to test for independent effects (maternal condition, maternal social rank, fawn birth date, birth year, sire attractiveness, dam age, inbreeding coefficient [f]) on fawn growth and condition. We did not recapture enough female fawns at the age of weaning to include them in the analysis. Only 1 male fawn born to a mother in fair condition survived to weaning and therefore was also not included in our analysis of recaptured fawns. To test assumption 3, we compared maternal social rank to LRS of sons as an indirect way to test this assumption and estimate the fitness benefit of sons to dominant mothers. We were not permitted to capture adult pronghorn so we could not make measurements (such as weight and size) to assess adult male condition. We also could not analyze the relationship between maternal condition and male reproductive success because the males born to mothers to whom we measured condition were not yet sexually mature during our years of study. We used R 3.1.1 (R Core Team 2014) for a linear regression with maternal social rank and male birth year, to account for the effects of the bottleneck, predicting male LRS. To test the prediction that dominant or females in good condition invest more in sons, we examined the effect of maternal condition and maternal social rank on fawn survival. We constructed models using GLLAMM (Rabe-Hesketh et al. 2004 ) to remove the effects of nested independent variables (sire attractiveness, female identity, fawn inbreeding coefficient, and yearly fawn mortality) on the binomial survival variable.
results
TWH assumption 1.-The TWH assumes maternal condition predicts offspring condition (Table 1 summarizes the TWH and our results). Overall, our results supported assumption 1. We used %wins as our measure of maternal social dominance. The adult female social hierarchy in the NBR herd was significantly linear (h' = 0.053, P < 0.0018), and %wins correlated positively to ranks derived in MatMan (F 1,63 = 174.4, P < 2.2 −16 ; R 2 = 0.735). Although social rank is thought to be indicative of maternal ability to invest in offspring and is often used in tests of the TWH, social rank explained little of the observed variation in condition in female pronghorn on the NBR (n = 62, t = −1.87, P = 0.066; R 2 = 0.039). Independent variables that predicted fawn condition at birth were different for male and female fawns ( Table 2) . Maternal BCS did not have a significant effect on male fawn prenatal growth rates or birth mass but did affect male fawn masssize residuals. Males born to mothers in good condition were heavier for their skeletal size than male fawns born to mothers in fair and poor condition (Z = 2.58, P < 0.01). Maternal BCS did not affect any measure of female fawn condition at birth. Maternal social rank (%wins) predicted birth mass of female fawns (Z = 2.02, P = 0.044) but did not have a significant effect on any other fawn condition (male or female) measurement from 1st capture. Fawn measurements made at the end of the period of parental care (Table 2) indicated that maternal BCS significantly predicted mass growth rates (Z = 2.09, P = 0.037) and mass-size residuals of male fawns at the age of weaning (Z = 2.65, P = 0.008). Mass-size residuals of male fawns born to mothers in good condition were greater than the mass-size residuals of sons born to mothers in poor condition (Fig. 1) . Maternal social rank also significantly predicted mass growth rates of male fawns (Z = 2.15, P = 0.032) during the period of parental care. Mass growth rates of male fawns increased with %wins (Fig. 2) .
TWH assumption 3.-The TWH assumes that adult males who receive slight advantages in condition should realize large gains in reproductive success. In our support of assumption 1, we showed that dominant mothers weaned fawns in superior condition to fawns weaned by subordinate mothers, however, this relationship did not translate into increased fitness of sons Table 2 .-Table of independent variables that significantly predicted (P < 0.05) prenatal growth rate (GR), birth mass, and mass-size (M-S) residuals just after birth (1st capture) in male and female fawns, and mass GR, foot GR, and mass-size residuals in male fawns at the age of weaning (2nd capture). a) Analysis using maternal condition (BCS); b) Analysis using maternal social rank (%wins); f = inbreeding coefficient. born to dominant mothers. Maternal social status did not influence male reproductive success as evidenced by the lack of a significant relationship between male LRS and maternal social rank (n = 29, t = 0.59, P = 0.632) even when accounting for the effect of birth year (n = 29, F 2,26 = 1.62, P = 0.218; R 2 = 0.042; Fig. 3 ) Again, at noted in Methods, we were only able to do this analysis with measures of dominance and not with measures of condition.
TWH predictions.-The TWH predicts that individual females should bias the sex ratio according to their condition or ability to invest in offspring (social rank). We found no evidence that females in good condition biased their sex ratio in favor of males (Fig. 4) . However, females did bias birth sex ratios according to social rank, but the relationship was not consistent across all years of the study. Only in 2007 did we detect a significant difference between offspring sex ratio in dominant and subordinate mothers (n = 30, t 1,27.835 = −2.82, P = 0.0044); birth sex ratios varied but were not significantly different between subordinate and dominant mothers in other years (Fig. 5) .
The TWH also predicts that mothers with an increased ability to invest in offspring should increase investment in sons. We tested for differential postnatal investment in sons and daughters by comparing fawn survival to maternal condition and social rank. After controlling for the effects of the nested models using GLLAMM, maternal BCS did not affect male (n = 97, Z = 1.24, P = 0.217) or female (n = 115, Z = 0.45, P = 0.649) fawn survival to weaning. Nor was there an effect of maternal social rank on male (n = 161, Z = −0.68, P = 0.497) or female (n = 185, Z = 1.42, P = 0.155) fawn survival to weaning.
discussion
Many studies that have investigated the TWH used observations of individual females producing skewed sex ratios as supporting evidence (e.g., Wilkinson and van Aarde 2001; Dugdale et al. 2003; Proffitt et al. 2008; Berkeley and Linklater 2010) . Although intriguing, such results cannot alone validate the TWH. Instead, our study system allowed us to follow individuals over generations and estimate offspring survival and reproductive success, and we therefore had the opportunity to test 2 out of 3 of the crucial assumptions and the predictions of the TWH. Our results supported the 1st assumption. We did not test assumption 2. We did not support assumption 3; we provided some evidence that females biased birth sex ratios according to social rank, but overall we did not detect any adaptive benefit to pronghorn mothers in good condition or high social rank as predicted by the TWH (see Table 1 ). Our support for assumption 1 showed that maternal condition was transferred to offspring during the period of parental care. High maternal condition and social rank increased male fawn growth rate and condition by the age of weaning. Surprisingly, the effect of maternal social rank and maternal condition on male fawn growth did not enhance survival to weaning. Fawn growth is imperative to survival because fast growth shortens the vulnerable hiding phase when fawns are most susceptible to predators (Byers 1997 ). Other variables not considered by the TWH that also predicted fawn growth and survival, such as inbreeding, sire quality, and particularly maternal experience avoiding predation (Byers and Byers 1983) , may be more important to fawn survival than any advantage in condition transferred from dominant mothers or mothers in good condition.
We were unable to test the 2nd assumption of the TWH. Pronghorn males sustain most of their growth after the age of independence from their mother (Byers 1997) , differences in body fat among males were not reliably discernable by visual observation (E. Clancey, pers. obs.), and we could not capture adult males to re-measure condition. The logic behind assumption 2 is that males who received a condition advantage by the age of weaning would be set on an unwavering trajectory of increased growth by the time they reached reproductive maturity. Because there is a 2-3 year gap between weaning and age of 1st reproduction in males, many factors could have derailed one of these advantaged males from their growth trajectory. It therefore seems unlikely that slight differences in male fawn condition at weaning persisted to reproductive age, especially if condition did not predict survival to weaning. Even if slight differences in condition did persist into adulthood, our results from testing the 3rd assumption showed that they did not generate differences in LRS of males born to dominant mothers conferring an advantage to fawn growth and condition.
We conclude that overall pronghorn do not support the TWH. Male fawns born to dominant females and females in good condition were larger by the time they reached the age of weaning, but it did not appear that selection led to adaptive modification of sex ratios as envisioned by Trivers and Willard. Mothers in good condition did not give birth to more male offspring, and dominant mothers gave birth to more males than subordinate females in some years but not all. The bias in sex ratios we did observe could be interpreted as random fluctuations in sex ratios from individual females and not as a TWH adaptation. Random fluctuations in sex ratios could also account for many of the inconsistencies in published studies testing the TWH. Palmer (2000) warns that we should not be so easily tempted to offer biological explanations for variation in sex ratios because these observations could very easily be a result of sampling error in small populations and publicized by selective reporting. If selection is promoting mothers in good condition or dominant mothers to invest in sons in a polygynous mating system, the fitness effects of mothers adopting a sex-biased investment strategy should be detectable.
Since publication in Science in 1973, the TWH has gained thousands of citations, but still the effects on maternal fitness go largely untested. Hewison and Gaillard (1999) termed the 3rd TWH assumption "the missing link" because it is very difficult to test and therefore rarely tested, and because it provides the key evidence showing if a sex-biased investment strategy is adaptive (i.e., it shows if mothers investing in males leave more grandchildren in future generations). The 3rd assumption also makes this verbal model particularly difficult to interpret because the outcome (differences in male offspring fitness) conflates the model assumptions and predictions. The TWH predicts that mothers with an increased ability to invest in offspring should adopt a sex biasing strategy to enhance their fitness (increased maternal fitness is derived from increased LRS of sons from assumption 3). We had the unique ability to address this important assumption in our comprehensive test of the TWH, and we did not detect any fitness benefits to dominant mothers appearing to invest in sons. We recommend that any observed bias in birth sex ratios not be interpreted as a TWH adaptation in pronghorn or other mammalian species. Observations of skewed sex ratios or support for part of the model does not confirm the adaptive value of sex-biased investment or justify the importance of maternal condition or maternal social rank to future fitness.
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